For quite some time, scientists have wondered how multigene families come into existence. Over the last several decades, a number of genomic and evolutionary mechanisms have been discovered that shape the evolution, structure and organization of multigene families. While gene duplication represents the core process, other phenomena such as pseudogene formation, gene loss, recombination and natural selection have been found to act in varying degrees to shape the evolution of gene families. How these forces influence the fate of gene duplicates has ultimately led molecular evolutionary biologists to ask the question: How and why do some duplicates gain new functions, whereas others deteriorate into pseudogenes or even get deleted from the genome? What ultimately lies at the heart of this question is the desire to understand how multigene families originate and diversify. The birth-and-death model of multigene family evolution provides a framework to answer this question. However, the growing availability of molecular data has revealed a much more complex scenario in which the birth-and-death process interacts with different mechanisms, leading to evolutionary novelty that can be exploited by a species as means for adaptation to various selective challenges. Here we provide an up-to-date review into the role of the birthand-death model and the relevance of its interaction with forces such as genomic drift, selection and concerted evolution in generating and driving the evolution of different archetypal multigene families. We discuss the scientific evidence supporting the notion of birth-and-death as the major mechanism guiding the long-term evolution of multigene families.
less [3] . Despite the fact that a number of models and hypothesis have been developed to describe the evolutionary dynamics of gene duplications within and between species, the lack of readily available, high quality data limited our ability to test the applicability of most models to real data in past studies of the 'pre-genomic' era. The 2 main sources of problems were (1) the lack of complete genome information for many, if not most, gene families, and (2) the lack of accurate methods for inferring orthologous-paralogous gene relationships [4] .
Gene families can be classified according to a number of criteria [3, 5, 6] . Such criteria may include, for example, (1) function, (2) how members are distributed across the genome, and (3) the primary mechanism responsible for generating the families in question. For instance, gene families have been categorized separating those organized into gene clusters from those with members at dispersed locations across the chromosomes. Yet, a classification based on the underlying mechanism for the origin of the family members is, in many cases, much more informative: not only does it explain the chromosomal distribution of family members, but it also provides insights into their evolutionary fate. Gene families essentially arise by 2 basic gene duplication mechanisms: unequal crossing-over and retroposition [7] . The first mechanism usually creates tandem repeats physically linked on the chromosomes and, therefore, in a non-random fashion. The family members in this case may have introns (if the original gene had introns) and non-coding regulatory sequences. In contrast, retroposition results in the insertion of an intronless cDNA with losses of upstream non-coding regions and with poly(A) tracts, more or less at random, at locations dispersed across the genome. The knowledge of the mechanism of origin is critical to understanding the forces that drive the generation of gene clusters; for example, a particular cluster of genes might have arisen simply due to random chance of having been located in a region of the genome more prone to unequal crossing-over than in other regions.
The recent availability of complete genomes from closely related species has provided valuable opportunities to conduct extensive studies of gene family evolution [8] . The analyses of these new data, however, also present a number of difficulties that remain to be solved such as, for example, the inability of current assembling algorithms to handle highly repetitive DNA sequences. Another problem concerns the accurate inference of orthologous-paralogous relationships. Currently, gene gain and loss events can be estimated either from the number of gene family members in the extant species of a phylogeny [9, 10] , or via gene tree/species tree reconciliation [11] . The latter methods, however, have important limitations [8] , such as their dependence on the correct gene tree and the true species tree, as well as the incomplete lineage sorting problem. Although there have been some improvements to minimize the gene tree uncertainty by taking into account clade support values, branch lengths [12] or synteny information [13] , gene tree/species tree reconciliation is not well suited in order to conduct statistical hypothesis testing, and as such, it has limitations in its application.
Models of Multigene Family Evolution
The study of the mechanisms governing the evolution of multigene families has constituted a controversial issue ever since sets of functionally related genes were first discovered. The aforementioned limitations and others, such as the lack of detailed knowledge pertaining to the structure, organization and diversity of family members, their functional meaning as well as the lack of accurate methodologies for determining phylogenetic homology among sequences have fueled this controversy. The first efforts focused on deciphering the evolutionary dynamics of gene families date back to the early 1960s, with studies using hemoglobin and myoglobin as model systems [14] . The finding that the genes encoding these proteins are phylogenetically related and that they acquired new gene functions through their gradual divergence led to the proposal of the first general model of evolution of these multigene families, referred to as 'divergent evolution' .
The validity of the divergent evolution model was quickly challenged by the growing amount of data collected from studies on additional families, especially those displaying tandemly arrayed organizations (i.e. ribosomal DNA (rDNA) and histones). Within this context, the development of DNA sequencing techniques during the 1970s helped researchers to analyze the patterns of variation in coding and noncoding regions, unveiling that nucleotide sequences of different multigene family members are more closely related within species than between species. Such observations (which deviate from the predictions made by the divergent evolution model) were explained by an alternative model of multigene family evolution termed 'concerted evolution' . According to this model, after the split of an ancestral species into 2 descendent ones, the members of a repeated gene family would evolve together as a block, displaying a high degree of homogeneity within a given descendant species as they gradually diverged with respect to repeats from closely related species. Under this model, sequence homogenization results from random unequal crossing-over and gene conversion among gene family members, although some gene variants are expected to occur due to mutation.
The apparent efficiency of the concerted evolution model in explaining the observed patterns of molecular variation quickly overshadowed any alternative explanation throughout the 1970s and 1980s, consolidating the notion that most multigene families evolve following this model. Indeed, it was not until the early 1990s that concerted evolution began to be seriously questioned, especially as a result of the growing availability of molecular data coming from the dawn of the genomic era. Surprisingly, these data revealed that far from being conserved and homogeneous, most multigene families encompassed far too much intraspecific diversity (genetic and functional) to be consistent with a homogenizing mechanism. These conclusions, together with other atypical features observed across multigene family members (most notably the presence of between-species clustering patterns in phylogenies and the presence of pseudogenes), motivated the proposal of a new model termed 'birth-and-death evolution' [15] . In contrast to the concerted evolution model, the birth-and-death model promotes genetic diversification and provides an explanation for the generation of new gene families.
The Birth-and-Death Model of Evolution
Over the last 2 decades, Nei and colleagues conducted a number of key studies that provide the foundation for the theory that underlies the birth-and-death model. Since then, a number of multigene families have been identified that undergo birth-anddeath evolution (reviewed in [6] ). The basic foundational elements of the model are the differential levels of gene duplication and subsequent loss or maintenance of gene copies within a multigene family. Accordingly, when duplication gives rise to new copies of a gene, and these copies do not evolve in concert as discussed in the previous section, some of the copies may persist in the genome for long periods of time. Eventually, the copies diverge in sequence such that they no longer are identical nor do they possess extensive regions of similarity. On the other hand, some copies of the original 'parent' gene may degenerate into pseudogenes or they may get deleted from the genome through, for example, unequal crossing-over. Consequently, the most common way to determine if birth-and-death evolution characterizes a multigene family is to look for the 2 hallmark features of the model: (1) an interspecific gene clustering pattern and (2) the presence of pseudogenes.
There are cases in which an interspecific phylogenetic clustering pattern and/or pseudogene formation are not detectable. While the latter is dependent mostly on intrinsic genome dynamics and random chance, both are dependent upon proper analytical techniques. Still there are instances in which even thorough, proper analyses can lead to the erroneous conclusion that birth-and-death evolution does not occur, simply because an intraspecific gene clustering pattern was observed in the reconstructed multigene family phylogeny. Such false conclusions can arise from (1) recent gene duplication within a species; (2) strong purifying selection; and (3) rapid gene turnover. With respect to recent gene duplication, enough nucleotide substitutions will accumulate over time such that divergence between gene duplicates eventually becomes detectable (albeit over hundreds of thousands, if not millions, of years). Thus, a pattern of between-species gene clustering will characterize the phylogeny of the multigene family, provided that enough time has elapsed for the divergence of gene duplicates and/ or their orthologs present in different genomes [6] . In cases involving strong purifying selection, one must consider the differences in the way in which substitutions accumulate and are distributed between protein-coding and non-protein-coding genes. For protein-coding genes, an analysis of divergence levels at synonymous versus nonsynonymous sites will reveal if purifying selection, and not concerted evolution, is the cause for sequence constraint; indeed, under purifying selection synonymous sites will have some divergence levels even when non-synonymous sites show no variation [16] . In the case of genes that do not encode protein, such as ribosomal RNA (rRNA) genes, the analysis is more difficult and often requires study of nucleotide substitution levels in the regions immediately flanking the genes as well as in introns or intergenic spacer regions, if present, followed by comparison to sequence divergence within the coding region of the gene [17] . Differential levels of nucleotide sequence conservation between the coding and non-coding regions may reveal if purifying selection is the determinant for sequence conservation. Finally, when rapid gene turnover occurs within a multigene family, deletion and duplication are so frequent that orthologous gene pairs are quickly lost between species, so a within-species clustering pattern predominates [17] [18] [19] [20] . But some amount of nucleotide substitution should still be observable and there may be at least some between-species clustering events, both of which are indicators that birth-and-death evolution has occurred. The aforementioned examples are only a few, and there may be more that can produce potentially misleading results in analyses designed to detect birth-and-death evolution.
It should be noted that, while considerable effort has been given to the study of gene duplication, little attention has been paid to the effects of gene deletion on multigene family evolution. Thus, much like the failure to recognize recent gene duplication, strong purifying selection and rapid gene turnover as causes of within-species gene clustering patterns, the failure to recognize the importance of gene loss may result in phylogenetic patterns that could be misinterpreted as, for instance, lateral transfer events [21] . In this case, however, phylogenetic analyses may not help and the problem is rendered intractable (see [21] for a review of this topic).
There are a number of genomic and evolutionary mechanisms that can shape the structure, organization and evolution of multigene families (see [6] ). For the last decades, concerted evolution has prevailed as the 'default' long-term evolutionary model for the evolution of most (if not all) multigene families. We nowadays know that multigene families encompass too much genetic diversity to be generated and maintained by means of such a homogenizing mechanism. Indeed, comprehensive studies conducted during the last 10 years, addressing the evolution of multigene families, usually support the birth-and-death process as the underlying mechanism. However, in spite of the evidence gathered in favor of this latter model, birth-anddeath has only shyly replaced concerted evolution as the 'default' model of long-term evolution of multigene families. In the present chapter we provide an up-to-date review into the role of the birth-and-death model and its interaction with forces such as genomic drift, natural selection and concerted evolution in generating and driving the evolution of different archetypal multigene families. Here we show empirical evidence supporting the concept of birth-and-death as the major mechanism underlying the long-term evolution of multigene families.
expansions (or contractions) of many multigene families, as well as more general features that characterize their evolution. The most important limitations are the following: (1) quite often, so-called complete genomes are not fully completed and are very fragmented. This is a very important problem since repetitive DNA regions are usually the worst assembled and, therefore, often incompletely represented in a genome annotation; this limitation is more critical for tandemly distributed repetitive regions than for those showing a more dispersed distribution across the genome. Hence, we lack detailed information (number of copies, physical location on the chromosomes) for many gene families, but especially those that exist in large clusters of tandemly repeated genes. (2) Many species for which completed genomes are available are separated by vast evolutionary times. Indeed, there are few cases in which we have genome information from relatively closely related species (e.g. within a genus or within a family); the genome sequence of 12 Drosophila species is one of such few examples [22] . Since many gene families have relatively high gene turnover rates (birth-and-death rates), information from highly divergent genomes can confound fine and exhaustive lineage-specific analyses (e.g. the accurate determination of the numbers of gene gains and losses might be highly inaccurate depending upon the rate of gene turnover). (3) Current methods for inferring orthologous-paralogous relationships may have low accuracy [4] (e.g. gene tree and species tree problem), when gene conversion is frequent or when large numbers of gene gains and losses have occurred. Regardless, limitation 2 likely will no longer be a problem in the near future, but limitations 1 and 3 may take longer to be resolved.
A comparative genome analysis using the complete set of genes in a phylogenetic framework provides the most conclusive evidence on the gene family's origin and evolutionary fate. In particular, analyses including genomes from closely and distantly related species have been shown to constitute a very successful approach. The genome analyses of the major gene families involved in the chemosensory system of the insects represent a good example to illustrate the state-of-the-art of gene family evolutionary analysis using complete genome DNA sequence data [13, 20, 23] . The most important proteins implicated in the early chemoreception steps in insects are encoded by gene families of moderate size. This process, which occurs inside the aqueous fluid of the chemosensory hair-like structures named sensilla, comprises the first contact of the external chemical signals (the odorant in the olfactory system) with membrane chemoreceptor proteins (the olfactory receptors in the olfactory system).
These multigene families can be classified into 2 main functional groups, the odorant-binding (OBPs) and chemosensory (CSPs) proteins (involved in the transport of the chemical signals through the sensillar lymph), and the chemosensory receptors that recognize the external cues and translate this information into an electrical signal (a dendritic spike) to the central nervous system, which elicit the appropriate behavior. In insects, there are 3 chemosensory receptor gene families: the olfactory (ORs) and gustatory (GRs) receptors, which in turn encompass the chemoreceptor superfamily, and the ionotropic receptors (IRs). Comparative , the cause for which likely stems from its parasitic lifestyle. This disparate number of genes in different insect species, nevertheless, provides a good opportunity to gain insight into the evolutionary mechanisms shaping gene family sizes and, particularly, into the role of natural selection and adaptation. Furthermore, the fact that these gene families include a moderate number of members allows for a comprehensive analysis that combine both automatic and manual 'gene calling' efforts, and also increases the accuracy of the resulting annotation. It has been shown that the major gene families of the chemosensory system are usually arranged in chromosome clusters [23] . For instance, nearly 70% of the Drosophila melanogaster OBP genes (52 genes) are arranged in 10 clusters of 2-6 genes each. Nevertheless, despite the fact that this kind of arrangement also exists in other insect species and in other gene families, the actual fraction of the genes arranged in clusters is highly variable. Interestingly, physically neighboring members of these families are also phylogenetically related; for instance, evolutionarily new OBP duplicates are usually identified in extant chromosomal clusters, whereas phylogenetically close OBP genes are also located in the same cluster. Such data clearly supports unequal crossing-over as the main mechanism that generates tandem gene duplications of the chemosensory gene families.
Phylogenetic Analyses and the Birth-and-Death Process
Phylogenetic analyses including orthologous and paralogous copies show that the actual number of members is relatively conserved across the Drosophila genus, with few examples of species-specific expansions. However, a fine-scale investigation uncovers a large number of gene gains, gene losses and pseudogenization events, although these events have different frequency among gene families. Noticeably, gene losses and pseudogenization events are unequally distributed across the Drosophila phylogeny; indeed, the later events are mainly inferred in the terminal branches, suggesting that pseudogenes have a very short half-life. Across this genus, furthermore, it is reasonably easy to observe orthologous groups including all Drosophila species and, for a particular orthologous group there usually exists a good reconciliation between gene and species trees (fig. 1b) . This data strongly suggests that these genes have diverged independently since their origin. These figures, however, are different from those found when distantly related species are compared (e.g. between insect orders) ( fig. 1a) . Indeed, there is a dramatic variation in gene family size as well as few examples of genes with orthologous copies across insects and many lineage-specific gene expansions ( fig. 1a ). Both features, however, are caused by the same basic evolutionary mechanism, the birth-and-death model (see below).
Current analyses of the chemosensory gene families (mostly from the OBP gene family data) within a phylogenetic framework largely support the birth-and-death model of evolution [6] , specifically: (1) several gene gain and loss events have occurred in the evolution of the gene family; (2) a number of nonfunctional members (pseudogenes) can be identified across the phylogeny (mostly in terminal phylogenetic branches); (3) the phylogenetic trees inferred from orthologous genes fit well with the accepted species phylogeny; (4) there is no evidence for a major impact of gene conversion in the evolution of paralogous genes (although current methods for detecting gene conversion may be insufficient); (5) the number of orthologous groups including representatives of all surveyed species gradually decreases with increasing divergence time; (6) there is an uneven phylogenetic subfamily distribution across species; and (7) several gene expansions and contractions are identified across large (e.g. within-class or within-order) but not across short (e.g. across a genus) evolutionary times.
Birth-and-Death Rates and the Impact of Natural Selection
Methods and software have been developed to estimate birth-and-death rates (e.g. [13, 24] ). The CAFE software [24] implements a stochastic birth-and-death model which allows an estimation of birth-and-death rates using a maximum likelihood approach (λ is the birth-and-death rate per gene and per million years) under the assumption of equal birth-and-death rates. Although this assumption may not always hold (e.g. in the presence of family expansions), it is a useful method for comparing birth-and-death rates across gene families or across species. For example, the birth-and-death rate for the complete set of gene families of Drosophila has been estimated as λ = 0.0012 [25] , which indicates that there have been ~17 new gene gains or ~17 losses every million years during the evolution of any one Drosophila species' genome. In addition, the birth-and-death rates for the chemosensory gene families are noticeably larger than the estimates for the complete Drosophila genomes (OBPs, λ = 0.005; ORs, λ = 0.006; GRs, λ = 0.011; IRs, λ = 0.0023) [13, 23] ; for instance, the value of λ = 0.005 inferred for the OBP gene family (assuming ~50 members) suggests that there has been an OBP gene gain (or a loss) every 4 million years. Such features, therefore, indicate that these gene families have a highly dynamic mode of evolution through which new members are continuously counterbalancing gene losses or nonfunctionalizations and pseudogenizations.
These high gene turnover rates exhibited by the chemosensory gene families additionally are shaped by natural selection. Indeed, natural selection can modify the rate of fixation in the population of newly duplicated copies, and it also can contribute to the functional diversification associated with sequence divergence. The levels of functional constraint and functional divergence can be analyzed through the comparative analysis of the ratio of non-synonymous
, in which the ω value serves as a proxy for gauging levels of functional constraint. This method allows for the quantification of the impact of purifying (negative) and adaptive (positive) selection as well as for the testing of contrasting alternative evolutionary hypotheses. In the absence of selection the expected value of ω is 1, whereas statistically significant values lower (or higher) than 1 might be indicative of purifying (or positive) selection. The ω estimates for the OBPs, ORs and GRs of Drosophila clearly point to purifying selection as the main evolutionary force (OBPs, ω = 0.15; ORs, ω = 0.14; GRs, ω = 0.22). These ω values, furthermore, differ significantly among genes within a particular gene family. For instance, the ω values among the OBP orthologous groups range from 0.003 to 0.11. Among the ORs, the Obp83b gene has the smallest ω ratio, which is consistent with its critical function and its strong conservation across the insects. There are also strong differences among GR members; for instance, the sweet taste and the carbon dioxide receptors display low ratios. The functional constraint levels can also vary across positions of the coding region. Indeed, the specific molecular fingerprint of positive selection could even be detected in amino acids located in the putative odorant binding pocket of some OBPs. Since these changes likely affect the sensitivity or specificity in detecting odorants, these regions may be more likely to evolve by positive selection.
Birth-and-Death Evolution and Genomic Drift: Evolving Evolutionary Novelty in the Fatty Acid Reductase Multigene Family
During the evolutionary history of a multigene family that evolves under a birthand-death model, the random occurrence of gene duplication and loss can lead to a change in the number of gene copies (i.e. dosage repetition) or paralogous family members (i.e. variant repetition) present within a genome. Thus, if one tallies the number of gene copies or family members present in a species' genome and compares it to a different species' genome, the numbers may be different. Nei [26] termed this 'genomic drift' and likened it to the random change of allele frequencies at a single gene produced by genetic drift.
For the most part, one expects the number of genes that are present in a genome to be determined solely through random chance. Dosage repetition, however, is one instance in which selection may play a role in determining gene copy number. For example, it is generally accepted that a large number of rRNA gene copies facilitates mRNA transcription, and therefore there exists a lower limit on the number of copies that a genome will tolerate. Consequently, the bobbed mutant phenotype of D. melanogaster appears when there is a loss of 50% or more of wild-type rRNA genes; in cases in which less than 15% of the wild-type rRNA genes remain, the mutation is lethal [27] . Likewise, adaptation to a novel environment or set of ecological circumstances can also drive changes in gene copy number [28] . For example, the evolution of tetrapods from a fish ancestor was accompanied by a concomitant increase in the number of paralogous olfactory genes present in the ancestral tetrapod genome, presumably in response to the increased number of odorants found on land versus in the aquatic environment [28] . Accordingly, once these new gene duplicates began to diverge from their parental gene, novel functions were acquired and, presumably, the number of odorants that could be detected subsequently increased.
The extent to which genomic drift influences a multigene family can be studied through the inference of the number of gene duplication and loss events that have occurred during the evolutionary history of the family [28, 29] . This is accomplished through the 'reconciliation' of the gene tree (i.e. the multigene family phylogeny) with the species tree [30] [31] [32] [33] . In short, this procedure involves inferring the lowest number of duplication and loss events required to produce the observed gene tree given the assumed species tree. The procedure is too laborious to carry out by hand even when there are relatively small numbers of paralogous gene copies; thus, the use of computer software to conduct these analyses is highly recommended (e.g. NOTUNG [30] ). To demonstrate how such an analysis is conducted, below we present a case study of the fatty acyl-coenzyme A reductase, or fatty acid reductase (FAR), multigene family using sequences extracted from the complete genomes of representative species of eukaryotes ( fig. 2) .
Genomic Drift Between Multigene Families
FAR enzymes catalyze the reduction of fatty acids to fatty alcohols in a reaction that is dependent upon NADPH as a cofactor. The number of FAR genes per genome can vary greatly between organisms. In vertebrates, there are 2 reductase genes present in the genome, whereas there are more than a dozen present in the silkworm. The evolutionary origins of this gene family are not well understood, but we found that acylCoA synthetase, acyltransferase and oxidoreductase gene families are close relatives of this family on the basis of protein sequence similarity (data not shown) and thus form a superfamily. If we examine the phylogenetic relationships of representatives of this superfamily ( fig. 2a) , we see evidence of birth-and-death evolution as shown through a pattern of between-species gene clustering. There are a couple of instances in which large single-species gene clusters were found (e.g. slime mold genes). This, however, is not unexpected since there is a lack of a closely related species to include in the comparison in this case. There is no evidence for concerted evolution of these genes, as the branch lengths found within these clusters are all relatively long, indicating that at least a moderate amount of divergence has occurred.
We can examine the question of gene turnover dynamics in more detail through an analysis of gene gain and loss. The analysis shown in figure 2b reveals that a varying amount of activity has taken place over the evolution of this superfamily. At the root of the phylogeny, which represents the last common ancestor shared between the 'lower' (i.e. slime mold and amoeba) and 'higher' eukaryote representatives studied, the ancestral genome was inferred to have possessed 11 genes constituting this superfamily. A considerable amount of gene turnover can be inferred to have occurred as shown through the different numbers of genes present in the various ancestral genomes (internal nodes) in the phylogeny (fig. 2b) . Of particular interest is the observation that insects gained substantially higher amounts of genes than the other lineages, whereas vertebrates and nematodes (as represented by Caenorhabditis elegans) lost substantially more. As the FAR gene family dominates this superfamily in terms of total numbers of genes ( fig. 2a) , we can assume that most of this activity involves that family. To test this hypothesis and possibly determine the cause for the pattern, we conducted a separate analysis of the FAR multigene family.
Genomic Drift Within a Multigene Family
The results of our analysis of the FAR multigene family are presented in figures 2c and 2d. Expectedly, the FAR gene family undergoes birth-and-death evolution ( fig. 2c ) in accordance with the pattern inferred in figure 2a for the superfamily as a whole. However, the pattern of gene gain and loss is substantially different (fig.  2d ). Virtually no gene loss was found to have occurred since the divergence of the slime mold from 'higher' eukaryotes ( fig. 2d ). In fact, the only lineage in which gene loss was found to happen was the nematode lineage (as represented by C. elegans), which involved the loss of only a single gene. In contrast, the pattern of gene gain is more dynamic. Two bursts are notable: (1) plants apparently gained 5 genes since they diverged from their last common ancestor shared with animals ( fig. 2d) , and (2) insects gained a substantial number of genes since they diverged from other animals: 6 genes were gained after they diverged from their last common ancestor shared with vertebrates, and another 5 genes were gained after the divergence of the honeybee from the silkworm and the fruit fly and mosquito. However, the gain of 6 genes along the lineage leading to insects from their last common ancestor with vertebrates must be interpreted with some caution, because there are a substantial number of other insect orders that are not represented in this phylogeny as well as other invertebrate and vertebrate lineages. Consequently, this number could be the result of 'summing' across other internal branches not found within this phylogeny due to missing taxa. This caveat may also hold for the number of gains along the branch leading to plants. In contrast, the gain of 5 genes in the common ancestor of the silkworm, fruit fly and mosquito subsequent to their divergence from the honeybee is likely more reliable, since there are fewer missing taxa relative to the taxonomic rank (order) represented by the species in the study and, therefore, unlikely to alter the number much. Regardless, simple calculation of the number of FAR genes present in the genomes of the species studied clearly indicates that plants and insects have undergone large expansions relative to the other taxa examined, which is consistent with the genomic drift hypothesis of Nei [26] for multigene families undergoing birthand-death evolution. The possibility that these expansions facilitated the adaptive evolution of a variety of specialized functions that involve precursors upon which FAR genes act is especially interesting. For example, FAR genes have been shown to function in pheromone biosynthesis in moth species directly through the production an alcohol that confers species-specificity or indirectly through the biosynthesis of precursor compounds [34] . If we can assume that the silkworm is truly representative of moth species, the large number of FAR genes present in moth genomes (13 in the silkworm; fig. 2d ) and the variety in substrate specificity that these genes have been shown to display [34, 35] suggest a number of different specialized functions have evolved. Similarly, plant FAR genes also have been shown to have evolved a number of specialized functions, such as the biosynthesis of wax esters used for storage in developing seeds [36] , the biosynthesis of the lipid component used in the outer pollen wall, and the biosynthesis of cuticular wax lipids [37] . In contrast, the other species studied have very few FAR genes or even no genes. For example, C. elegans and the slime mold were found to have only 1 gene, and vertebrates only have 2, whereas the 3 fungi (Cryptococcus neoformans, Yarrowia lipolytica, and Saccharomyces cerevisiae) and the amoeba (Entamoeba histolytica) did not have any FAR homologues. It is possible that these species rely less on FAR genes to synthesize the fatty alcohol-containing compounds that these species require and other genes have evolved to take over these functions, or perhaps these species simply do not need a large and diverse number of fatty-acid containing compounds (in contrast to insects and plants), so only 1 or 2 genes are sufficient to synthesize all that is necessary.
It is difficult to say which of these possibilities is true without further knowledge of the FAR gene complement and associated functionalities from more species. Regardless, it is reasonable to assume that the genomic drift that produced the expansion of FAR genes in plants and insects is the underlying cause for their ability to synthesize and utilize a wide variety of fatty alcohol-based or derived compounds for a number of highly specialized functions.
Birth-and-Death Evolution and Selective Constraints: Histone Variant Diversification in the Germinal Cell Line
Multigene families often consist of structurally and functionally related genes that are usually clustered around specific genomic regions. The traditional view that a gene family producing a large amount of products needs to maintain homogeneity among its members [38] reinforced the notion that most multigene families were subject to concerted evolution, a process in which a mutation occurring in a repeat spreads all through the gene family members by recurrent unequal crossing-over or gene conversion. However, the increase in genomic molecular data during the last decade has revealed that most gene families encompass far too much genetic and functional diversity to be maintained by means of a homogenizing mechanism. Consequently, different alternative hypotheses have been put forward in order to account for the high diversity and functional differentiation exhibited by the members of different eukaryotic gene families. Among them, the birth-and-death model of evolution (which promotes genetic diversity) has often constituted the alternative hypothesis to concerted evolution [15] .
Birth-and-Death Long-Term Evolution of Histone Multigene Families
In eukaryotes and some archaebacteria the members of the histone multigene families encode small basic proteins that are associated with the hereditary material in a nucleoprotein complex called chromatin, which allows for a high level of compaction of genomic DNA within the limited space of the nucleus and also provides the scaffolding upon which most DNA metabolic functions (i.e. replication, transcription and repair) take place. However, the different histone families display a high degree of heterogeneity among their members, depending on their structural and functional role in the nucleosome (the chromatin subunit) as well as depending upon whether the chromatin structure is in a somatic or a germinal setup. In addition, post-translational histone modifications also influence changes in chromatin structure both directly and indirectly by targeting or activating chromatin-remodeling complexes. Histone modifications intersect with cell signaling pathways to control gene expression and can act combinatorially to enforce or reverse epigenetic marks in chromatin [39, 40] .
Histones have been used (together with rDNA) to showcase archetypal examples of multigene families subject to concerted evolution during the last 4 decades. However, the notion of this mechanism representing the major long-term evolutionary mode of these proteins has been abandoned given the high diversity and functional differentiation exhibited by the members of the different histone families. On the contrary, it has now been clearly demonstrated that the long-term evolution of the histones can be better described by a birth-and-death model of evolution based on recurrent gene duplication events and strong purifying selection acting at the protein level (e.g. [16] ). This mode of evolution eventually leads to the functional differentiation of new gene copies through a process of neofunctionalization or subfunctionalization [40] .
Selective Constraints and Histone Diversification in Different Chromatin Setups
Eukaryotic DNA is packed into different chromatin configurations in somatic and germinal cells. Somatic chromatin is formed by the repetition of nucleosomes [41] , each consisting of an octamer of core histones (2 of each H2A, H2B, H3 and H4) around which 2 left-handed super-helical turns of DNA (approximately 146 bp) are wrapped. The nucleosomes are joined together in the chromatin fiber by short stretches of linker DNA that interact with linker H1 histones, resulting in an additional folding of the chromatin fiber. Germinal chromatin displays a high degree of heterogeneity depending on sex (male or female) and taxonomic group. Thus, while a nucleosome-based chromatin organization is prevalent in the case of the female germinal cell line (i.e. oocytes), the extreme reduction in the size of the sperm nucleus has led to a drastic reorganization in the male-specific chromatin in which nucleosomes have been replaced by nucleoprotein structures able to produce a tighter packaging of DNA [40] .
Sperm chromatin is unique in that most, if not all, is tightly heterochromatinized within the highly compacted sperm nuclei thanks to its association with sperm nuclear basic proteins (SNBPs) [42] . In contrast to the proteins of somatic chromatin (histones), SNBPs exhibit a greater compositional heterogeneity and can be grouped into 3 major types based on structural and compositional considerations. The first is the histone type (H-type) SNBPs, which are very similar to histones from somatic tissues and, therefore, produce a chromatin organization identical to that observed in somatic cell nuclei. The second type consists of protamines (P-type SNBPs), which constitute a group of heterogeneous, small, arginine-rich proteins that result in a tighter packaging of DNA within the sperm nucleus. The third type of SNBPs form a group known as the protamine-like proteins (PL-type), which are related to histone H1 and represent a structurally and functionally intermediate group between the H-and P-types [42] . The chromatin fibers resulting from the association of the different SNBP types with DNA all exhibit a fairly constant diameter in the range of 300-500 Å, independent of the extent of protein folding of the SNBP type involved, which decreases from the Hto PL-type and from the PL-to the P-type [39] .
Somatic chromatin is characterized by a nucleosome-based organization in which histones associate with each other and with DNA through different protein-protein interactions including those of an electrostatic nature. Histone proteins are thus subject to strong selective constraints in order to preserve their structure along with the nucleoprotein complex they form with DNA. However, the transition from somatic to germinal chromatin setups during spermiogenesis involves the replacement of histones by specialized SNBPs, leading to the progressive loss of a nucleosome-based chromatin configuration [39] . In this scenario, the functional constraints operating on histones in the germinal cell line are expected to be relaxed, allowing for a higher degree of variation within the different histone types (fig. 3) .
Increased Birth-and-Death Histone Diversification in the Male Germinal Cell Line
Nucleosomes modulate accessibility of regulatory proteins to DNA and thus influence eukaryotic gene regulation. The evolution of chromatin remodeling mechanisms governing nucleosome organization at promoters, regulatory elements, and other functional regions in the genome unveil an interplay of sequence-based nucleosome preferences and non-nucleosomal factors in determining nucleosome organization within mammalian cells. The genetic diversity observed among histone family members bears critical implications for the structure and function of the nucleosome in different chromatin settings [43] , involving the formation of H2A-H2B and H3-H4 dimers through different protein-protein interactions, including those of an electrostatic nature. When looking at the diversity within core histone families ( fig. 3a) , it seems that although one of each interacting partners is allowed to have a higher extent of variation (H2A and H3), the other maintains a conserved structure (H2B and H4). Molecular evolutionary studies carried out during the last 10 years have revealed that the long-term evolution of the histone H1 family, as well as of H2A, H3, and H4 core histone families, is governed by birth-and-death under a strong purifying selection acting at the protein level, in order to preserve a functional quaternary structure of the nucleosome core particle [40] , able to efficiently bind and package the DNA, as well as to mediate different dynamic processes in chromatin metabolism [43] .
However, information about the diversity and the evolution of H2B was lacking until very recently. The H2B family stands out among histones because of the low extent of diversification of its members (compared with H1, H2A, and H3 families) and the lack of specialized variants in the somatic cell lineage. Nevertheless, the H2B family is peculiar by displaying variants exclusively restricted to the male germinal cell lineage. For instance, 2 testis-specific variants have been described in humans so far, including TH2B (also referred to as hTSH2B) [44] and H2BFW (also known as H2BFWT) [45] , both involved in the reorganization of chromatin during spermatogenesis. Furthermore, additional minor H2B variants with a lower extent of similarity with canonical H2Bs have also been described in the male germinal line including subH2Bv, a sperm-specific histone identified in the bull Bos taurus; gH2B, a divergent H2B protein identified in Lilium longiflorum, involved in the packaging of chromatin in pollen; and H2BV, a variant first identified in Trypanosoma brucei that specifically dimerizes with H2A.Z. In addition, 2 novel H2B variants involved in pericentric heterochromatin reprogramming during mouse spermiogenesis, referred to as H2BL1 and H2BL2, have been recently identified [46] , showing resemblance to subH2Bv and H2BFW, respectively. 3 . Chromatin organization and histone diversification in the somatic and male-specific germinal cell line. a Histone H2B and H4 variant diversification is locked within a somatic chromatin setup, probably as a consequence of their essential role in maintaining the fundamental structural H2A-H2B and H3-H4 domains of the nucleosome core particle. In contrast, the variation presented by the H2A and H3 counterparts is responsible for imparting different functional and structural specificities to these domains, allowing for the specialization of local chromatin segments genome-wide. b The structural reorganization of chromatin during spermiogenesis leads to the loss of a nucleosomebased configuration in the male germinal cell line, lightening the evolutionary constraints operating on histone H2B and H4 evolution. Consequently the process of diversification within these histone families is unlocked allowing for the functional differentiation of germinal variants.
The constraints driving the long-term evolution of the H2B family in the somatic cell line have been recently investigated, corroborating the presence of birth-and-death evolution under strong purifying selection, maintaining high levels of certain biased amino acids (lysine and alanine) which are important for the establishment of the correct interactions involved in the formation of the nucleosome [47] . On the other hand, and in contrast with other histones, H2B members are also subject to a very rapid process of diversification in the male germinal cell lineage ( fig. 3b ) involving the functional specialization of different histone variants, probably as a consequence of neofunctionalization and subfunctionalization events after gene duplication [47] . This is specifically evident in the case of the H2BFW variant that evolves almost at the same rate as the quickly evolving histone H2A.Bbd which is also involved in mammalian spermiogenesis [48] .
The lack of diversity within the H2B and H4 families has been regarded to be the result of their essential role in the maintenance of the fundamental structural H2A-H2B and H3-H4 domains of the nucleosome. By contrast, the variation presented by the H2A and H3 counterparts would be responsible for imparting different functional and structural specificities to these domains [43] . Such a hypothesis would be consistent with the increase in H2B diversity observed in the male germinal cell line where a dramatic change in chromatin conformation takes place during spermiogenesis. Two conclusions can be drawn from this. First, H2B variation implicitly suggests the possibility of H4 variation. Indeed, the few H4 variants described to date are mostly circumscribed to the testis [49] . Second, the diversification of H2B and H4 histones would be absent from the female germinal cell line (i.e. in oocytes) due to the prevalence of a nucleosome chromatin organization, which would only be compatible with H1 variants such as H1oo and H1M/B4. It thus seems that the reorganization of chromatin structure during spermiogenesis might have affected the evolutionary constraints driving histone H2B evolution, leading to an increase in diversity. However, with the exception of a few structural studies [50] , little is known about the specific role performed by the testis-specific H2B variants. Further studies will be needed in order to clearly decipher the connection between the relaxation of the evolutionary constraints described here and the drastic structural chromatin transitions involved in spermiogenesis.
Mixed Effects of Birth-and-Death and Concerted Evolution: the 5S rDNA Gene Family in Fishes and Molluscs
In eukaryotes, rDNA is generally arranged in 2 different gene clusters (multigene families), each composed of hundreds to thousands of gene copies. While the major cluster (45S rDNA) comprises the 18S, 5.8S, and 28S rRNA genes, the minor cluster (5S rDNA) comprises only 5S rRNA genes. The 5S rRNA gene consists of a transcriptional unit of ~120 bp, which is separated from the next unit by a non-transcribed spacer (NTS). Although the 5S rRNA gene is highly conserved, the NTSs are variable both in length and in sequence [51] . Given the apparent homogeneity observed among the different copies, 5S genes have been used to showcase the archetypal example of a gene family subject to concerted evolution. However, the theoretical expectations made by this model are challenged by 3 major molecular evolutionary features displayed by the 5S rDNA family. First, several 5S gene variants have been found, constituting a dual system. Second, 5S rDNA divergent pseudogenes have been found in unrelated taxa. Third, the existence of different types of repeat units has been also corroborated based on the study of spacers. Consequently, different authors have proposed that the variation observed among 5S rDNA members best fits to a birth-anddeath model of long-term evolution promoting genetic diversity [6] .
Concerted Evolution of 5S rRNA Genes
Concerted evolution has been recently discarded (in favor of a birth-and-death mechanism) as the major model guiding the long-term evolution of several multigene families [6] . However, the case of rDNA seems to be otherwise more complex. Among animals, molluscs and fishes stand out for being the most widely studied groups of organisms with respect to 5S rRNA genes, displaying intense genetic dynamics. Studies on the 5S rDNA from oyster (genus Crassostrea) have revealed the existence of (1) two different genes (instead of one, as in the case of the major genes) encoding the minor 5S subunit, and (2) the localization of 5S rRNA genes in 2 pairs of chromosomes different from the chromosome pair (pair 10) where the major genes are located [52] . However, only 1 type of 5S rDNA tandem repeat was found in Crassostrea representatives. These results, together with the identification of a microsatellite at the 3Ј end of 5S genes (potentially involved in the maintenance of tandem arrays), support the concerted evolution of 5S rRNA genes in these organisms.
Evidence supporting the concerted evolution of 5S rRNA genes has been also found in different fish representatives. For instance, decreased levels of intra-and interspecies nucleotide variation have been recently revealed in the 5S coding regions from fish species belonging to the family Moronidae [53] . Similarly to the case of oyster, the presence of microsatelllite sequences has been also identified at NTS regions. Different authors have suggested that the presence of short microsatellite sequences favors the maintenance of tandem arrays in multigene families. These sequences would act as 'hot spots' for recombination, facilitating gene conversion or unequal crossing-over and therefore, concerted evolution [54, 55] .
Mixed Effects of Birth-and-Death and Concerted Evolution
Within molluscs, mussels also attract special interest due to the heterogeneity they display in 5S rDNA organization, including different types of repeat units with divergent spacers such as those identified in Mytilus species [56] . Recent studies on Mytilus species provided evidence for an apparent absence of interspecies differentiation across 5S coding regions, a notion reinforced by: (1) the lack of fixed differences between species, and (2) the low levels of nucleotide variation found within 5S coding regions in comparisons between different types of units, suggesting the presence of independent evolutionary pathways leading to their differentiation [57] . Although these results do not fit the predictions made by the concerted evolution model, they can be still reconciled with a critical role for this evolutionary model in 5S rDNA evolution. Different studies have put forward a hypothesis in which the homogenization of rDNA units would occur locally within arrays, implying that selective mechanisms operate in the coding region, eliminating mutations without affecting spacer regions [58] . It is thus possible that a first stage of 5S rDNA evolution would had involved the generation of genetic diversity through recurrent gene duplications (birth-anddeath), followed by the transposition of several units to different chromosomal locations, leading to the their subsequent independent concerted evolution. However, even though the observed patterns of 5S rDNA evolution could also result from a process of gene duplication and selection without invoking homogenization, a substantial effect of concerted evolution cannot be ruled out until the presence of heterogeneous selective constraints acting on different 5S types is demonstrated [57] .
Many studies focused on the molecular organization and evolution of 5S rRNA genes have described the presence of 2 types of 5S rDNA units, especially in the case of fishes [59, 60] . The main difference between these sequences is essentially circumscribed to length polymorphisms in the NTS region, although variation in coding regions is sometimes observed, suggesting that the two 5S rDNA loci evolve independently. However, some reports suggest that both 5S rDNA types are not located in independent clusters, since different 5S variants have been found on the same PCR product displaying a tandem organization [61] . It thus appears that the existence of 2 types of 5S rDNA units constitutes a common trend in fish species [53, 55, 60] . This organization has been commonly referred to as 'dual expression system' , where one type is expressed in both the somatic and the germinal (oocyte) cell line, while the other type is specific to oocyte cells. The presence of 5S rDNA units containing divergent types of NTSs was identified in the flatfish Solea senegalensis. Furthermore, a repeat unit containing the 5S rRNA gene linked simultaneously to 3 different small nuclear RNA genes (U1, U2, and U5) was described for the first time in this species (U2 snRNA appeared also in the NTS of the oyster Crassostrea [54] ), probably representing pseudogenes [62] . Sequence divergence among tandemly arranged 5S rRNA and NTS sequences indicates that the rate of concerted evolution is insufficient to homogenize the entire array. Similar results have been described in stingrays [60] , a coregonid fish, for which a significant amount of variation was reported in the 5S rRNA coding region and NTS sequences [63] , as well as in species belonging to the genus Brycon, displaying high levels of divergence in the NTS region [5] .
Birth-and-Death Evolution in Dual 5S rDNA Gene Systems
Several species of the family Batrachoididae have traditionally been used as model organisms within teleost fishes. For our studies, we have chosen 4 Venezuelan species (Amphichthys cryptocentrus, Batrachoides manglae, Porichthys plectrodon, Thalassophryne maculosa) and the only European species within this family, the toadfish Halobatrachus didactylus. Two types of 5S rDNA units were found in H. didactylus and, given the lack of similarity between their NTS sequences, they probably do not share a common ancestral sequence. Although both types seem to represent functional genes, it cannot be concluded that a dual system of 5S rDNA is generally established in the Batrachoididae family since species displaying only one 5S rDNA type have also been found [55] . Given that the sequences of both coding regions and the NTSs are quite conserved in H. didactylus, concerted evolution seems to represent the more feasible model for this multigene family.
Although concerted evolution has been traditionally proposed to guide the longterm evolution of 5S rRNA genes, the birth-and-death model of evolution has been recently invoked in order to explain several cases in which homogenization is not observed [60, 64] . Under a birth-and-death model of evolution, 5S rDNA genes would be expected to display divergent variants in the genome, between-species clustering pattern in the phylogenies as well as the presence of pseudogenes. Genome rearrangements (e.g. gene duplications, deletions, insertions) are likely to have been involved in the evolution of 5S rRNA genes in the family Batrachoididae. The results of our analysis suggest that the 5S rRNA genes of the 4 species studied (and also of the European one) are derived from a dual 5S rDNA gene system which was already present in the genome of their common ancestor. However, while A. cryptocentrus and B. manglae have retained both types of 5S rDNA units, we have found only 1 type in P. plectrodon and T. maculosa. In these last 2 species, as well as in B. manglae, homogenizing mechanisms like those proposed by the concerted evolution model appear to have occurred. While P. plectrodon seems to have suffered a recent deletion event (and concerted evolution has not had enough time to act), one of the 5S rDNA types from A. cryptocentrus has undergone a higher degree of diversification. Therefore, the emergence of new 5S rDNA variants in A. cryptocentrus could be explained by birth-and-death evolution, and these variants could be maintained by purifying selection. Notwithstanding, we cannot exclude the possibility of some homogenization mechanisms reducing sequence divergence within each 5S rDNA unit in this species [61] .
The birth-and-death evolution of 5S rDNA in fish species is also supported by the presence of pseudogenes, although the emergence of duplicated pseudogenes can also be explained by unequal crossing-over, one of the main mechanisms acting in concerted evolution [5] . In addition, NTS regions of A. cryptocentrus and B. manglae display a variable number of (TG) n or (AG) n microsatellites which could represent 'hot spots' playing an important role in homogenizing tandem arrays [54] . Furthermore, homogenization resulting from unequal crossing-over or gene conversion during concerted evolution would occur most frequently in regions of chromosomes closer to the telomeres [6] . In this regard, FISH studies using 5S rDNA probes have shown that minor ribosomal genes of A. cryptocentrus are located in a subcentromeric position [55] , which could hinder the action of the mechanisms that govern concerted evolution.
Birth-and-death has been proposed as a very important mechanism in guiding the long-term evolution of the 5S rDNA family in different organisms. Our results suggest that in many groups of molluscs and fishes the long-term evolution of 5S rRNA genes is most likely mediated by a mixed mechanism in which the generation of genetic diversity is achieved through birth-and-death (recurrent gene duplication), followed by the local homogenization of the different units through concerted evolution (probably after their physical transposition to independent chromosomal locations). In addition, it is important to bear in mind that to completely discern between the relative contributions of concerted evolution and birth-and-death evolution to the overall long-term evolution of 5S rRNA genes, it would be necessary to gather information on the complete set of 5S rRNA genes in different genomes. Although this has not yet been achieved for most 'higher' eukaryotes (including molluscs), it is not the case for certain groups of 'lower' eukaryotes. For example, in a complete genome study of 4 species of fungi, it was shown that the birth-and-death model without contribution of concerted evolution best characterizes the long-term evolution of 5S genes in those organisms [18] . In this case, the apparent homogenization among copies results from a combination of (1) recent gene duplication due to a gene duplication and insertion process similar to retroposon amplification and (2) rapid gene turnover derived from a high frequency of duplication/amplification events. Without a precise knowledge of the complete genome complement of these taxa and the subsequent comparison among closely related species, it is easy to misinterpret that homogenizing forces might also have an important role in the 5S gene evolution of those particular organisms.
Concluding Remarks
Over the long term, the birth-and-death process might result in a large variation in the number of genes or in the number of orthologous copies that would be visualized as gene family expansions (or contractions). The family size, therefore, would result from a trade-off between the stochastic birth-and-death process and the maintenance of genes required for proper function, as depicted by the case of the chemoreceptor system. Hence, the dynamic birth-and-death process has important evolutionary and adaptive implications: both gene gains and losses constitute a significant source of variation for evolutionary change. Indeed, DNA changes (in a particular duplicate) affecting the sensitivity or specificity in the detection of pheromones or related substances as food may be advantageous and might be fostered by shifts in ecological interactions. In so far, as the relevance of gene gains and losses to overall multigene family evolution is concerned, genomic drift plays a clear role in driving the divergence of entire multigene families. As we have shown in the case of the chemoreceptor families, genomic drift can alter the composition of genes within a genome as well as between different species' genomes, encompassing an adaptive value behind these changes. Similarly, drift may have played a part in the case of the FAR gene family in facilitating the ecological adaptation of plants and insects to their environments through the ability to generate a range of fatty alcohols utilized for a variety of physiological purposes. Thus, genomic drift can be viewed as a driving force for evolving evolutionary novelty that can be exploited by a species as means for adaptation to various selective challenges. Once selection starts operating over a multigene family, changes or shifts in selective constraints will affect the functional dynamics of the birth-and-death process. This mechanism is best exemplified by histone multigene families, where the relaxation of the selective constraints results in higher rates of functional diversification across family members which otherwise must be conserved in order to preserve the nucleosome-based structure of somatic chromatin. However, given the evolutionary patterns observed across 5S rDNA gene family members, an important effect of concerted evolution cannot be ruled out until the presence of heterogeneous selective constraints acting on different 5S types is demonstrated.
Over the last 2 decades many multigene families have been identified that undergo birth-and-death evolution, including former archetypal examples of concerted evolution, such as histones and rRNA genes. Far from the old controversies on the mechanisms driving the evolution of multigene families, the continuous stream of genomic molecular data keeps on creating an increasingly complex canvas of gene families filled with countless evolutionary nuances. In such a complex scenario, the birthand-death model of evolution provides a framework to understand how multigene families originate and diversify, representing the principal mechanism guiding the long-term evolution of multigene families.
